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Abstract
For cyber physical systems and structural health monitoring sensors have to be embedded in a material. Therefore two types of 
inlays (sensors) can be used: conventional inlays made of silicon as substrate material or new developed inlays made of non-
conventional substrates. In this paper we will focus on embedding conventional inlays made of mono crystal silicon. Inlays had 
been embedded in test specimens for pull and bending tests to measure the ultimate tensile and bending strength. In the pulling 
tests the ultimate tensile strength decreases dramatically in comparison to pulling tests where no inlay is embedded. For the 
bending tests the results were quite different: If the inlay is embedded in the neutral fiber there is nearly no degradation of the 
ultimate bending strength. But when an inlay is embedded between the neutral fiber and the outer edge of the test specimen the 
ultimate bending is less than half of the ultimate bending strength of tests specimen with no inlay.
© 2014 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the Organizing Committee of SysInt 2014.
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1. Introduction
Getting measurement quantities out of material is described by the term “Structural health monitoring” [1,2]. 
Therefore a sensor has to be placed on the surface of the material or has to be embedded in the material. For the first 
possibility many different concepts have already been developed. [3] While these sensors are placed on the surface 
the setup is not very difficult in contrast to embedding a sensor in a material which is much more difficult. Reducing 
mechanical weakening of the structure, leading out electrical interconnections and joining a sensor with the material 
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are only a few challenges which have to be solved when embedding a sensor. Different sensors have already 
successfully been embedded in different materials like carbon fibre [4,5] or titanium alloys [6,7].
In [8] we have theoretically investigated the mechanical behaviour of sensors – forthwith named inlay –
embedded in a material – forthwith named matrix: When the Young’s modulus of the inlay is much higher than the 
Young’s modulus of the matrix the whole structure of matrix and inlay is mechanically weakened. In this paper we 
want to proof this by experiments. In common fabrication MEMS are produced on mono crystalline silicon 
substrates; thus it seems to be the easiest way to embed those sensors in materials. This is why we chose mono 
crystalline silicon without any sensor function for the inlay. To have a different Young’s modulus in contrast to the 
inlay for the matrix a common epoxy resin was used [9]. By pull and bending tests the ultimate tensile and bending 
strength were investigated.  
2. Experiments
2.1 Design of the test specimens
The test specimens were designed as illustrated in fig.1a and is in dependence on DIN ISO 527. For the inlays, 
bars made of silicon wafers with a thickness of 520μm, 380μm and 220μm were used. The dimensions of the test 
specimens and the inlays are given in fig. 1. For tensile tests the inlays were placed in the middle of the matrix. In 
the bending case two different positions of the inlays were investigated because the neutral fiber has to be taken into 
account: Inlays were placed in the neutral fiber as well as outside of the neutral fiber with an eccentricity of 1mm 
(see fig. 1b).
a)                                                                                         b)
Fig 1. (a) left: tensile strength specimen with a length of 112mm respectively 8mm for the inlay, right: bending test specimen with length of 
80mm respectively 8mm for the inlay, (b) cross section of the test specimens
2.2. Fabrication of the test specimens
In the beginning the inlays are diced out of the wafers. For silicon <100>-wafers were used and the dicing 
direction was <110>-plane. The inlays are cleaned by purging them with acetone and isopropanol.
The test specimens are fabricated by casting the epoxy resin. Therefore test specimens are laser cut and by 
forming those with silicone molds are build up. 
Tensile Test specimen
Bending test specimen
Inlay in the neutral fiber
Inlay between the neutral fiber and the outer     
edge
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In the following the process of test specimen fabrication is described. The silicone mold is sprayed with a release 
agent (Kontaktspray 701) to avoid sticking between the mold and the epoxy resin. The fabrication of the test 
specimens is done in three steps: First the mold is half filled respectively ¾ (for the bending, where the inlay is 
placed with an eccentricity) with epoxy resin. To control the amount of epoxy resin a hand dispenser is used. The 
epoxy resin is pre-cured for 1.5h at 70°C in an oven. This time has been investigated to be the minimum pre-curing 
time, in a way that sinking of the inlays is not possible. But the pre-cured resin is still soft and sticky enough to have 
good adhesion to the inlay. In the second step the inlay is manually placed and on the pre-cured epoxy resin and 
slightly pushed into the resin with a pair of tweezers. By filling up the mold to the top and curing the epoxy resin in 
an oven for 12h at 70°C the test specimens are finalized. For reference measurement some test specimens without an 
inlay are processed parallel to the test specimens with inlay in the same way (mold is half-filled, pre-curing of epoxy 
resin, filling up the mold to the top).
2.3 Test setup
The ultimate tensile strength was measured by pulling the test specimens with hydraulic force and grabbing the 
force by a load cell (see Fig. 2a). For measuring the ultimate bending strength a three point measurement was used. 
The tests were done with a measurement tool form XYZTEC. Therefore a test specimen was laid on two legs with a
radius of 6mm and a distance of 60mm. By applying a force in the middle of the test specimen with a cylindrical 
tool (d=10mm) the test specimens were bended up to breakage (see Fig. 2b).
Fig 2. Setup for measuring the ultimate strength: (left) tensile, (right) bending test.
3. Results
For the pull test the result can be seen in Fig 3.a. The inlay always weakens the test specimen independent of the 
inlay thickness although the cross section of the inlay is less than 4% of the total cross section. Silicon has a 
Young’s modulus which is around 100 times higher than the one of epoxy. Due to the pulling the silicon undergoes 
nearly the same elongation like the epoxy. Thus high stress is generated in the test specimens. Cracks appear and 
due to crack propagation the test specimen fails. In addition high shear stress is generated at the silicon-epoxy 
interface. When the pulling forces are higher than the adhesion forces between inlay and matrix the inlay is released 
from the matrix and the whole test specimen can be destroyed. In contrast to the ductile epoxy resin silicon is a 
brittle material with defects which can be the reason for cracks. In addition the dicing technique has an influence on 
the strength properties of the silicon [10] and thus on the whole test specimen. A big difference between the inlay 
thicknesses cannot be recognized. 
The results for the bending tests can be seen in Fig 3b. Here the inlay thickness has to be taken into account. If 
we have a look on the inlays made of 220μm thick silicon, placed in the neutral fiber, the average ultimate bending 
tensile test specimen
219 Gerrit Dumstorff and Walter Lang /  Procedia Technology  15 ( 2014 )  216 – 220 
strength is a bit less than the average bending strength without an inlay. In and around the neutral fiber the brittle 
silicon undergoes less stress. Additionally the 220μm thick inlay is more flexible than the 380μm thick 
inlay. That is why the test specimens with a thicker inlay have a lower ultimate bending strength than the one with 
the thinner inlay. 
In contrast to this the ultimate bending strength decreases dramatically when the inlay is placed in between the 
neutral fiber and the outer edge: the test specimens break up at half of the bending strength compared to an inlay 
embedded in the neutral fiber. The more an inlay is placed to the outer edge the higher the bendability has to be. 
a) b)
Fig. 3. (a) ultimate tensile strength, (b) ultimate bending strength. Red quadrat: average, black dots: maximum respectively minium value.; inf = 
in the neutral fiber, onf = out of the neutral fiber.
Fig. 4. Destroyed tensile test specimen (left) and bending test specimens (right).
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The failure mechanisms of the bending test are related to the failure mechanisms of the pulling tests.  Silicon is 
brittle and bending should be avoided. While the silicon is much less bendable than the epoxy is the silicon breaks 
up and thus the whole test specimen fails due to crack propagation.
The ultimate strength of the test specimens was measured to be around 62MPa for tensile stress and around 109 
for bending stress. In the datasheet the ultimate strength for tension is 65 MPa and for bending 110. A significant 
influence of the pre curing process cannot be assumed. 
4. Conclusion and Outlook
If an inlay made of silicon is embedded in epoxy resin the mechanical behavior can radically change. When a hard 
inlay will be embedded in a soft material the mechanical situation has to be investigated. In addition the task of the 
inlay – and thus of the sensor – has to be taken into account: It does not make sense to place a strain gage in the 
neutral fiber. Then the mechanical behavior might be better but the strain gage will not measure any deformation 
caused by bending. 
In further work the mechanical situation can be analyzed by embedding inlays with sensorial functions e.g. strain 
gages. Additionally the sensors can be manufactured on the same material the matrix is made of. Thus the 
mechanical strength might be improved.
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